Some of the researchers suggest that the intensive selection of birds for increased live weight and breast yields may result in reduced meat quality (Wilson et al., 1990; Sosnicki and Wilson, 1991; Pietrzak et al., 1997; Dransfield and Sosnicki, 1999) . Velleman and Nestor (2003) studied the growth rate on myosin heavy chain temporal and spatial localization in turkey breast muscle and found that growth selection resulted in muscle fiber changes, which may result in muscle damage. Even the genetic increase in the egg production may also be associated with changes in muscle morphology; however, to a lesser extent than the selection for increased growth rate (Velleman et al., 2007) . Because white striping is an emerging issue, it is important to evaluate whether there is any association between the occurrence of white striping and the size of the bird/ fillet. If that is the case, the occurrence of the condition may presumably be influenced by the strain, sex, or both of the bird because these are some of the factors that could influence the carcass yield (Orr et al., 1984; Bilgili et al., 1992; Young et al., 2001; Mehaffey et al., 2006) . Moreover, feeding regimens such as phase feeding (PF), which could reduce the production cost as well as improve the uniformity of the fillets (Warren and Emmert, 2000; Pope et al., 2002; Brewer et al., 2006a,b) , might be a useful tool to manipulate the occurrence of the condition. Therefore, the purpose of this study was to estimate the association of various factors (strain, sex, feeding regimen, various carcass, and meat quality parameters) with the 3 [normal (NORM), moderate (MOD), or severe (SEV)] degrees of white striping.
MATERIALS AND METHODS

Processing of Birds
A total of 739 birds, from the study conducted by Brewer et al. (2012) , were randomly screened to determine the occurrence of 3 degrees of white striping. The distribution of the birds used in the present study was as given in Table 1 . The birds were grown in 4 × 2 × 2 factorial design in 6 replicates. There were 4 strains of commercial broiler birds, balanced with respect to sex. Among the strains, A, B, and D were bred to be highyielding broilers, whereas strain C was bred to be a moderate-yielding classic type broiler. These birds were grown on either of the 2 diet treatments: industry-type feeding regimen or PF regimen (Brewer et al., 2012) . Birds were processed on 59, 61, and 63 d. About 10 h before slaughter, feed was withdrawn, but the birds were given an ad libitum supply of water. A commercial-style processing in-line system was used where the birds were electrically stunned, manually slaughtered by severing the left carotid artery and jugular vein, bled out, soft scalded, and defeathered. The carcasses were then manually eviscerated, prechilled at 12°C for 15 min followed by chilling for 90 min at 1°C in immersion chilling tanks. While prechilling and chilling, the carcasses were manually agitated frequently to prevent the thermal layer in the tank and to enhance the chilling efficiency. The carcasses were taken out of the tanks, packed in ice, and aged at 4°C until deboning at 4 or 6 h postmortem, common industry deboning times. Ready-to-cook (RTC) weight of each carcass was measured before deboning. The pectoralis major muscle was removed from each carcass by 2 trained people to avoid any alterations in fillet dimensions and other meat quality parameters due to the deboning procedures. The butterfly fillet from each bird was placed in resealable plastic bags and stored at 4°C until 24 h postmortem.
Carcass and Meat Quality Parameters
At 24 h postmortem, the fillets were scored as NORM, MOD, or SEV degrees depending up on the severity of white striping (Kuttappan et al., 2012c) . The NORM fillets do not show any distinct white lines, whereas SEV have thick white striations (>1 mm) that cover a greater area of the ventral (skin side) surface of the fillet. The fillets showing striations intermediate to NORM and SEV are classified as MOD, with thin white striations (<1 mm) on the ventral surface. After scoring, each butterfly fillet was halved into left and right. The right fillets were used for measuring pH and color, whereas fillet dimensions were estimated on the left fillets. Muscle pH was measured using a Testo spear tip probe and meter (Model Testo 205, Testo Inc., Sparta, NJ). To assess overall (generalized) color changes in the fillet, L*, a*, and b* color values were determined as an average of 3 different sites on the dorsal (bone side) of the fillet using a Minolta colorimeter (CR-300, Konica Minolta, Ramsey, NJ). To determine the fillet dimensions, fillet length (at the longest point), fillet width (at the widest point), cranial thickness (H 1 is the height at the thickest portion), and caudal thickness (H 2 is the height at 2.5 cm from the bottom of the fillet) were measured using calipers (Mehaffey et al., 2006) . The left fillets were vacuum packed and stored at −20°C until the cook loss and Meullenet-Owens razor shear energy (MORSE) were measured. Before cooking, the fillets were taken out of the freezer and thawed at 4°C for 24 h. All fillets were cooked separately, on raised wire racks in covered aluminum-lined pans in an air convection oven to an internal end-point temperature of 76°C. The difference between fillet weights before and after cooking was taken, and cooking loss was expressed as percentage with respect to the initial weight. After cooking, the fillets were cooled to room temperature, individually wrapped in aluminum foil, and stored overnight at 4°C, to be used for the determination of tenderness. The Meullenet-Owens razor shear technique (Cavitt et al., 2004 ) was used to determine tenderness of the cooked samples and the results are reported in terms of shear energy, or MORSE (N•mm). The method uses a texture analyzer (model TAX-T2, Texture Technologies, Scarsdale, NY) with a 5-kg load cell using a razor blade probe. Four shear readings, at different locations, were done perpendicular to the muscle fibers on each fillet and the mean was taken. The crosshead speed was 5 mm/s along with a sample shear depth of 20 mm and a trigger force of 0.1 N. The instrumental data were collected using Texture Exponent 32 version 1.0.0.92, and the macro options texture exponent (Stable MicroSystems, Godalming, Surrey, UK) was employed to determine the MORSE values from the force-distance curves.
Statistical Analysis
The association of different parameters with respect to the occurrence of the NORM, MOD, and SEV degrees of white striping was analyzed using multinomial logistic regression model:
where z i is the log odds for the ith dependent category with respect to the reference category, α i is the constant, x 1 , x 2 , … x k denote the independent variables, some of which may be interaction terms, and β ik is the logistic coefficient for the ith category and kth independent variable. The MOD and SEV degrees of white striping were considered as the dependent variables with NORM as the reference category. The independent variables considered in the model include the indicator variables representing the distinct levels of factors, the mean centered covariates and their 2-and 3-way interactions. The factors or the categorical variables used in the study were strain, feed, sex, and chill hour. The covariates or continuous variables include the carcass/meat quality parameters such as RTC weight, fillet length, fillet width, H 1 , H 2 , pH 24 , L* 24 , a* 24 , b* 24 , cook loss, and MORSE. The continuous variables were centered to their respective means to avoid multicollinearity in the model. The data was analyzed using multinomial stepwise logistic regression procedure with forward selection option in PASW Statistics 18 (SPSS Inc., Chicago, IL), which involves the maximum likelihood estimation. The model will test each one of the inputs (e.g., RTC, fillet width, fillet height, and so on) and proceed, adding the next most significant input until all the significant parameters are included in the model. The result from the analysis is reported mainly as the odds ratio (OR), 95% CI, and the respective Pvalues. Odds is the ratio of the probability of an event of interest (e.g., probability of NORM) to the probability that the event will not occur (e.g., probability of MOD and SEV combined) and OR are the ratios of 2 odds comparing 2 groups. The OR indicates the increased or decreased chance of a dependent category as a result of an increase in the continuous variable by one unit or with a categorical variable in comparison with a reference. An OR >1 indicates an increased chance whereas <1 denotes a decreased chance. When the OR is equal to 1, there is an equal chance for the category in question and the reference category. The estimated probability of occurrence of the 3 degrees of white striping was determined for all the categorical variables. For continuous variables showing significant effects, the data were grouped into bins and the average estimated probabilities were plotted to respective bins to visualize the pattern of relationship. Equal-sized bin width was obtained using the interactive binning procedure in JMP statistical software version 9.0 (SAS Institute Inc.), setting the cut-off at 10 percentile. The present study focuses on the association between the various factors (feeding regimen, strain, sex, and chill hour) and meat quality attributes (RTC weight, length, width, H 1 , H 2 , pH 24 , L* 24 , a* 24 , b* 24 , cook loss, and MORSE) with 3 different degrees of white striping. The statistical analysis and detailed description on the effect of these factors (feeding regimen, strain, sex, and chill hour) on various carcass/meat quality attributes are presented in Brewer et al. (2012) .
RESULTS AND DISCUSSION
Relationship of White Striping with Various Carcass and Meat Quality Attributes
The final multinomial logistic model obtained in the present study showed that the main carcass and meat quality factors ( Table 2 ) that are significantly (P < 0.05) associated with MOD and SEV white striping are cranial thickness (H 1 ) of the fillet and RTC weight, whereas color b* value (which indicates the yellowness of the meat) was related (P < 0.05) to the occurrence of SEV degree. Cranial thickness of the fillet had a significantly (P < 0.05) higher (highest OR values) influence on the occurrence of MOD (OR 8.736; 95% CI 3.323 to 22.968) and SEV fillets (OR 39.246; 95% CI 8.133 to 189.379) with reference to the NORM fillets (Table 2 ). This indicates that as the cranial thickness of the fillets increases, there is a greater probability that it could have a MOD or SEV degree of white striping (Figure 1 ). According to Lubritz (1997) , fillet thickness had a much greater impact on fillet weight when compared with the length and width of fillet. Furthermore, Brewer et al. (2012) observed a higher correlation (r = 0.84) between fillet weights and the cranial thickness of the fillets. These suggest that higher degrees of white striping (MOD and SEV) could be mainly associated with heavier or thicker fillets. This was in accordance with the findings from the previous studies (Bauermeister et al., 2009; Kuttappan et al., 2012a) . Kuttappan et al. (2012a) evaluated the effect of growth rate on the incidence of white striping and found that high-fat diet could increase the growth rate and fillet weight in birds, resulting in a decreased percentage of NORM and an increased percentage of SEV fillets compared with birds fed a low-fat diet. The results from the present study showed a similar trend in the case of RTC weight (Figure 2 ). With reference to the NORM category, there was a significantly (P < 0.05) higher chance of occurrence of MOD (OR, 1.004; 95% CI, 1.001 to 1.006) and SEV (OR, 1.004; 95% CI, 1.001 to 1.008) fillets as the RTC weight of the carcass increased. Even though the OR (increase in chance for unit increase in the variable) is only slightly higher than 1, the range of the RTC (minimum RTC, 1,127 g; maximum RTC, 3,708 g) in the study is relatively large. Therefore, the net effect of RTC on the condition could be high, which resulted in a higher P-value (0.004). Kuttappan et al. (2011) observed that the higher degrees of white striping could be associated with increased (P < 0.05) occurrence of muscle damage characterized by myopathic changes in broiler breast fillets. The results from the present study imply that enhanced growth, resulting in greater RTC weight and even cranial fillet thickness, could have put more stress on the broilers, resulting in muscle damage. Wilson et al. (1990) suggested that the muscle from turkeys with increased growth may have outgrown their supporting systems, which results in muscle damage. A reduction in the number of capillaries surrounding a single muscle fiber in the necrotic regions of turkey pectoralis major muscle was observed by Sosnicki and Wilson (1991) . The study on the fiber area and capillary supply in broiler breast muscle in relation to productivity and ascites found that capillary density decreased in proportion to the increase in fiber size and the chickens with a higher percentage breast muscle had a lower capillary density (Hoving-Bolink et al., 2000) . This may result in a reduced supply of nutrients, oxygen, and also slower removal of lactic acid from the muscles, leading to muscle damage (HovingBolink et al., 2000) . However, further studies are required to confirm the details of tissue changes taking place in fast-growing broiler breast fillets that result in higher degrees of white striping.
In addition, there was significantly higher (P < 0.05) chance that higher b* values are associated with SEV fillets compared with NORM fillets (Figure 3) . The higher percentage of fat even on the dorsal or bone side of fillets with higher degrees of white striping (Kuttappan et al., 2011) could have contributed to this increased yellowness or b* values. However, further research is needed to determine the relationship between white striping and b* value. The occurrence of different degrees of white striping was not associated (P > 0.05) with changes in pH, color L* and a* values (measured on dorsal side), cook loss, and MORSE (assessment of texture quality), which is in agreement with the findings of Bauermeister et al. (2009) . White striping may not be causing any major metabolic changes in muscle tissue that could have been reflected in the case of pH, water-holding capacity, and L* value. However, the increased fibrosis in white striping fillets observed by Kuttappan et al. (2011) may give an impression of associated toughness, due to appearance, which was not observed in the present study. Meanwhile, Kuttappan et al. (2011) also observed the degeneration of muscle fibers and an increase in fat, which together may have masked the effect of increased connective tissue. Another possibility is that because all the birds were grown to the same age, the increase in the connective tissue may not be to that extent to have a significant impact on tenderness of the meat used in the study.
Incidence of White Striping and the Associated Factors
Among the total birds used in this experiment, 55.8% showed some degree of white striping with MOD and SEV categories as 47.5 and 8.3%, respectively. The stepwise procedure used for logistic regression modeling showed that strain differences were significantly (P < 0.05) associated with the incidence of white striping. The details of the parameters (RTC weight, H 1 , and b* value) that significantly (P < 0.05) affected the occurrence of 3 degrees of white striping with respect to various factors such as strain, sex, feeding regimen, and chill hour are presented in Table 3 . This could help derive meaningful conclusions from the final logistic regression model. However, the mean comparison for these variables was not performed with respect to 3 degrees of white striping because of the large disparity in number of samples (n) in each group (Table 4) . Among the 4 different strains, strain A showed the highest percentage of NORM fillets, whereas strain B showed the lowest percentage of NORM but the highest percentage of SEV fillets (Table 1) . During the stepwise modeling, strain A was considered as the reference because it had the highest percentage of NORM fillets. Between the strains, there were differences in the percentage of occurrence of the 3 degrees of white striping (Table 1) , which could be an impact of the differences in RTC weight and cranial fillet thickness (Table 3) . However, when the OR of occurrence of MOD condition with reference to NORM was considered, strain B had a significantly (P = 0.013) higher chance (OR, 3.595; 95% CI, 1.306 to 9.894) than strain A, which resulted in the inclusion of the factor into the model (Table 2) . Furthermore, there was a significant (P < 0.05) interaction between the strain and RTC weight. The probability of occurrence of NORM, MOD, and SEV degrees with respect to strain and RTC weight revealed that strain B and C had a different pattern in the incidence of white striping with respect to A (Figure 4 ). In the case of strain C, the probability of occurrence of NORM, MOD, and SEV degrees were almost consistent regardless of the increase in RTC weight. Surprisingly, such an interaction was not observed between strain and cranial thickness of the fillet, which suggests that an increase in fillet thickness resulted in increased chance of higher degrees of white striping, regardless of the strain. Because strain C was bred to be a moderate yielding classic type broiler, whereas the other strains were highyielding broilers, differences in the growth pattern in strain C may have resulted in such a significant effect in case of MOD (P = 0.001) and SEV degrees (P = 0.001) ( Table 2) . On the other hand, strain B had the highest RTC weight and cranial fillet thickness among the strains studied (Table 3 ). The comparatively heavier fillets in these birds may have resulted in the higher occurrence of MOD fillets even at lower RTC weights (Figure 4 ), which could have resulted in a significant (P = 0.023) strain to RTC interaction (Table 2) . Also, the probability of the occurrence of SEV degree spiked up to 80% at the highest RTC weight, and on average, there was more than a 60% chance that a fillet obtained from a strain B bird would have either MOD or SEV degrees of white striping (Figure 4) . Some of the earlier studies reported that the occurrence of hereditary muscular dystrophy in chicken could result in the occurrence of white striations (Asmundson and Julian, 1956; Julian and Asmundson, 1963) , which are similar to the gross lesions of white striping. However, the occurrence of hereditary muscular dystrophy is confined to strains that are homozygous for the autosomal recessive gene (am) even though the phenotypic expression could depend on other modifying genes (Asmundson and Julian, 1956; Wilson et al., 1988) . Also, there are few reports on the occurrence of hereditary muscular dystrophy in modern commercial broiler strains. Meanwhile, the results from the present study showed that there is no strain predilection for the incidence of white striping. All strains had a portion of birds exhibiting some degree of white striping (MOD or SEV). Nonetheless, the difference in the percentage of incidence between strains could be related to the difference in growth pattern. So, the white striping seen in modern broilers may have a different etiology when compared with hereditary muscular dystrophy.
The final logistic regression model also showed that the effect of sex, feeding regimen, and chill hour on the occurrence of white striping were not significant (P > 0.05; Table 2 ). In comparison to females, male birds showed the lowest percentage of NORM fillets and the highest percentage of SEV fillets (Table 1) . However, the sex was not considered as a significant factor during the stepwise modeling procedure (Table 2 ). This implies that the difference in the percentages could be a manifestation of the higher RTC weight and thicker fillets in males when compared with females (Table3). The differences in the occurrence of 3 degrees of white striping were not that apparent with respect to the chill hour and diet treatments (Table 1 ) and these 2 parameters were not significant in the logistic regression model, as well. In a companion study, Brewer et al. (2012) reported that the feeding regimens did not show any impact on the meat quality attributes, including the RTC weight and cranial thickness. This may be the reason why the occurrence of 3 degrees of white striping did not seem to be affected by the feeding regimen; as a result, it was not significant and therefore was not included in the final model. A similar trend can be seen in case of chill hour as well. White striping could be a condition existing before processing, so chill hour was not expected to have an effect on the incidence. In addition, the occurrence of white striations is seen in the case of dietary deficiency of vitamin E and the associated nutrients referred to as nutritional myopathy (Dam et al., 1952; Machlin and Shalkop, 1956; Klasing, 2008) . However, the present study used diet formulations that contained vitamin E levels equal to or in excess of NRC (1994) recommendations (Brewer et al., 2012) . Furthermore, the occurrence of higher degrees for white striping was observed regardless of the diet treatments. So, the chance of vitamin E deficiency related to the occurrence of white striping in the present study is less. This again confirms the findings from the study conducted by Kuttappan et al. (2012b) .
The results from the present study showed that the risk of occurrence of MOD and SEV degrees are associated with heavier birds with thicker fillets. However, there are differences with respect to strains that could be influenced by the growth pattern. The occurrence of SEV white striping may also be accompanied with an increase in yellow color of the fillets. Industrial/PF regimens as well as chill hour during processing do not influence the incidence of the condition. In addition, results of this study suggest that the fillets with 3 degrees of white striping are not associated with any significant difference in meat quality attributes such as pH, L* value, a* value, cook loss, and MORSE.
